INTRODUCTION
Numerous studies in the intact rat have documented a role for the colon in the maintenance of normal fluid, electrolyte and mineral homoeostasis [1] [2] [3] [4] [5] [6] [7] [8] . After smallintestinal resection the colon was found to adapt morphologically to the new anatomical situation [9] [10] [11] , possibly compensating for deficient mineral absorption. It is remarkable, however, that few researchers have investigated the effects of partial or total colectomy on mineral metabolism, either in humans or in animals, although such surgical procedures are common. In fact, only two studies have been published on the effects of colectomy on intestinal calcium absorption in humans, one when half of the colon was left in situ [12] , and the other on the effects of total colectomy [13] ; no additional literaturebased information was retrieved from medical databases. Intestinal calcium absorption was found to be significantly higher in patients with at least half of the colon preserved than in those with ileostomy [12] , suggesting that the length of the remaining colon is crucial for calcium metabolism. Whether the metabolism of magnesium and phosphorus is also impaired by colon resection is not known. Apart from an intact colon, numerous other factors contribute to normal intestinal mineral absorption, especially that of calcium ; these include age, sex, composition and quantity of the diet, acid-base and vitamin D status, to mention but a few. Bone health can be affected by any one of these factors, or by their combined action.
Clinically, it is often difficult to keep these factors constant, and to obtain sufficient valid data on the late outcomes of surgical interventions on the colon. Another uncertainty in clinical patients relates to the transection of autonomous nerves, which is inevitable during surgery on the colon. Impairment of the autonomous nerve axis linking the mesenteric region and the kidney [14] may, theoretically, lead to depletion of renal tissue catecholamines, which can in itself influence the mineral metabolic state [15] . Using experimental animals, however, an appropriate study design is readily feasible.
The present work attempts to address a number of these questions. We carried out long-term experiments in the rat, with the aim of obtaining information on the effects of partial or total colon resection on the intestinal absorption of calcium and other minerals, on acid-base homoeostasis, on extracellular and bone mineral homoeostasis, on the accompanying serum levels of calciotropic hormones, and on bone histology. In addition, renal tissue catecholamines were evaluated. A major finding was that, irrespective of the extent of colon resection, the intestinal absorption of calcium and phosphorus and bone calcium levels remained unimpaired, while there developed a type of osteopathy resembling that associated with dietary magnesium deficiency and urinary phosphorus loss.
MATERIALS AND METHODS

Animals
The experiments described in this paper conformed with the requirements of the Bundesdeutsches Tierschutzgesetz (German Animal Protection Act) of 1986, and The Committee for Animal Experimentation (Project No. 621.2531.3-3-7\94). Male Sprague-Dawley rats of the CD strain (Charles River, Wiga, Sulzfeld, Germany) were housed in Makrolon cages at a room temperature of 23p1 mC and 60 % relative humidity, under a 12-h light\12-h dark cycle. Free access to tap water and a standard laboratory rat chow (code no. 1321 ; Altromin, Lage, Germany) was allowed. The chow contained (dry matter) : crude protein (19 %), crude fat (4 %), utilizable carbohydrates (38 %), calcium (0.9 %), phosphorus (0.8 %) and magnesium (0.2 %) ; the vitamin D $ content was 1200 i.u.\kg, vitamin B "# 0.041 mg\kg and folic acid 10 mg\kg. Phosphorus was supplied in the form of calcium dihydrogen phosphate, which also supplied part of the calcium, the remaining calcium being in the form of the carbonate ; magnesium was supplied as the oxide. The drinking water contained 64 mg\litre calcium and 22 mg\litre magnesium, but no phosphorus. After a 2-week period of acclimatization, food, but not water, was withheld for 18 h. Animals, weighing approx. 270-300 g, were randomly allocated to the study groups defined below. Surgery was performed under diethyl ether anaesthesia.
Experimental groups
Distal colectomy (DC ; n l 12) Via a midline laparotomy, the colon was exposed and the left colonic artery ligated, with sparing of the rectal artery. Thereafter, the distal one-fifth of the colon was excised. The operation was terminated by an end-to-end colo-rectostomy, the abdominal cavity was flushed with saline, and the abdominal wall was closed.
Proximal colectomy (PC ; n l 11)
The convolute comprising the lower loop of the small intestine and the proximal colon, and the supplying two feeding branches of the ileo-caeco-colic artery, were identified. The segment supplied by these branches (approx. 5-10 mm of the distal ileum, the whole of the caecum and 15 mm of the proximal colon) was excised. An end-to-end ileo-colostomy was performed, and the abdomen was closed as above.
Total colectomy (TC ; n l 12)
The procedure was carried out in a similar manner as for PC and DC. Thereafter, the segment of the intestine spanning 15 mm of the terminal ileum and the whole of the colon -the end of which is marked by the promontorium of the sacrum -was excised. An end-toend ileo-rectostomy was performed, and the abdomen closed.
Mock surgery (Sham ; n l 12)
A laparotomy was performed, and the small and large intestines were exposed. To mimic the non-specific stress encountered with the longer duration of colectomies (see above), closure of the abdomen was delayed for 30-40 min. The post-operative observation period was 112p2 days.
Other procedures
At 20 and 10 days before being killed, five animals per group (see above) were labelled by intramuscular injection of 925 kBq of %&Ca (Amersham, Braunschweig, Germany) in 0.4 ml of saline, in order to monitor the movement of calcium. At 9 and 4 days before the end of the trial, calcein (20 mg\kg body weight) was injected intraperitoneally. During the last week the intake of food and water was recorded, and faeces and urine were collected under paraffin over two consecutive 24-h periods from animals housed in plastic metabolic cages. The volume and pH of the urine were measured immediately, and an aliquot of the urine was acidified to pH 2.0 by adding 6 M HCl (to prevent calcium precipitation) ; additional aliquots were stored at k20 mC until analysed. Wet and dried (100 mC for 24 h) faeces were weighed, and the latter incinerated (800 mC for 12 h), reweighed and dissolved in 10 ml of 6 M HCl for analysis of minerals.
On termination of the experiments, the rats were starved for 18 h, anaesthetized (see above), laparotomized and exsanguinated from the abdominal aorta. Blood gases, urinary total CO # and haematological parameters were measured immediately, and serum and plasma samples were prepared for analysis of additional variables.
Bones (right femur, right tibia and first lumbar vertebra) were excised, freed of adherent tissue and defatted in ethanol at 4 mC for 48 h. The dried (100 mC for 24 h) femur was weighed and incinerated (800 mC for 24 h), and the ash reweighed and dissolved in 10 ml of 6 M HCl for analysis of minerals. The tibia and vertebra were further processed for histomorphometry and for determination of several static and dynamic parameters [16] . From a few animals per group one kidney was removed, and immediately shock-frozen and stored at k80 mC.
Analyses
Haematocrit and blood gases in heparinized blood were measured using a Blood Analyser K 1000 (Sysmix, Hamburg, Germany) and a pH\Blood Gas Analyzer 1306 (Instrumentation Laboratory, Milan, Italy) respectively ; ionized magnesium in heparin plasma was measured using a sensitive electrode (NOVA ; CRT 8, Ro$ dermark, Germany). Commercial kits were used for radioimmunoassay of serum 25-hydroxyvitamin D, bioactive rat parathyroid hormone and 1,25-dihydroxyvitamin D (all from Nichols Institute, Bad Nauheim, Germany), and of rat osteocalcin (kit from Peninsula Laboratories, Belmont, CA, U.S.A.). We also measured total serum protein (refractometry), phosphorus in serum, urine and bone ash (colorimetry) and bone alkaline phosphatase (reagents from Beckman Instruments, Munich, Germany). Calcium in serum, faeces, acidified urine and bone ash was determined by atomic absorption spectrophotometry (FL-6 ; Zeiss, Oberkochen, Germany), as was bone ash magnesium. Other analytes measured in urine were ammonium (Berthelot reaction), citrate (by HPLC), the bone collagen crosslinkers pyridinium and deoxypyridinium (by HPLC ; after extraction, using reagents obtained from Immunodiagnostik, Bensheim, Germany), cAMP (by proteinbinding in-house radioassay), total CO # (blood gas electrode ; see above), and sodium and potassium (by flame emission spectrophotometry). %&Ca radioactivity was counted in a liquid scintillation spectrophotometer (Betaszint ; Berthold, Munich, Germany). Perchloric acid extracts of the thawed kidneys were prepared as described by Oha et al. [17] for HPLC measurement of catecholamines. Several of the analytical techniques, including more details on sample processing, specificity and precision of determination, have been described elsewhere [18, 19] .
The femur volume and mean specific density were determined in accordance with Archimedes ' principle. The bone breaking force was expressed as the energy applied perpendicular to the femoral mid-diaphysis (Pendelschlagwerk 5102 ; Zwick, Ulm, Germany).
Calculations and statistics
The ratio of the post-operative weight gain and the mean (of 2 days) food intake while rats were in the metabolic cage was taken as a measure of food efficiency. For the same period, intestinal calcium secretion was assessed as mean daily %&Ca faecal excretion divided by mean %&Ca specific radioactivity in serum. Fractional intestinal absorption of calcium, magnesium, and phosphorus was taken as [(1kfaecal excretion\intake)i100] ; true intestinal calcium absorption was calculated after correction for intestinally secreted calcium. The serum level of 1,25-dihydroxyvitamin D divided by that of parathyroid hormone was taken as the production rate of the former. Bone dry weight and minerals were factorized for bone volume, as were substances in urine for urinary creatinine.
One-way analysis of variance (ANOVA) was applied. In the case of a non-Gaussian distribution the Kruskal-Wallis test was applied ; where the F-or H-value was found to be significant, groups DC, PC and TC were compared with the Sham group, using the test for least significant differences, with P 0.05 taken as significant. Where groups DC and PC were not different from the Sham group they were compared with the TC group.
The bone ash calcium\phosphorus ratio and the urinary phosphorus\creatinine ratio were subjected to bi-and multi-variate regression analysis (software Statistica ; Statsoft, Tulsa, OK, U.S.A.).
RESULTS
The results are given for the DC, PC and TC groups in comparison with Sham rats. In addition, as a number of variables did not differ after DC from those in Sham rats, but did differ compared with the more invasive TC procedure, this is briefly indicated.
State of animals (Table 1)
Surgery was acceptably well tolerated, and there were no deaths beyond the third post-operative day. In the colectomized rats there was a trend towards higher intake of food and fluid, in absolute terms and relative to the Values are means (S.E.M.) for the numbers of animals given at the top of each column, except where indicated otherwise. Food/weight increase is given in units of g of food consumed per g body weight increase. Significance of differences (ANOVA or H-test) : *P 0.05 compared with Sham ; †P 0.05 compared with TC.
Parameter
Sham (n l 12) DC (n l 11) PC (n l 12) TC (n l 12)
Body weight (g) Initial 288 (6) 289 (5) 282 (4) Renal tissue adrenaline and noradrenaline levels in Sham rats were of the order of magnitude reported by other investigators [20] , and in the small number of colectomized animals for which these analyses were available the mean values did not differ statistically. Thus any change in minerals and other variables induced by colon surgery, as described below, cannot be ascribed to an impairment of sympathetic transmitters secondary to transection of branches of autonomous nerves supplying the kidney.
Taken together, these general findings reveal that, in the rat, both PC and DC probably represent no greater 
Minerals in faeces, serum and urine, and acid-base-related and other variables in urine
The above-mentioned higher food intake of DC, PC and TC rats resulted in a somewhat higher calcium intake, and hence led to increased faeces dry weight and increased faecal excretion of calcium, magnesium and phosphorus (Sham DC PC TC) ( Table 2 ) ; the differences compared with the Sham rats were significant for TC and PC rats, but not for DC animals. Neither the fractional nor the true calcium absorption differed statistically between groups, and the same was true for fractional phosphorus absorption. Conversely, fractional magnesium absorption was decreased in PC and TC rats to 57 % and 52 % respectively of that in Sham rats (Table  2 ), in agreement with earlier observations that the absorption of calcium and magnesium in the rat colon involves separate transport mechanisms [7] . Serum total magnesium in the PC and TC groups was lowered, but both uncorrected serum total calcium and corrected (for the accompanying serum total protein, see Table 1 ; results not shown) serum total calcium and serum phosphorus were unchanged (Table 2 ). In urine, calcium was unchanged, but magnesium was decreased (Sham DC PC TC), while phosphorus was increased (Sham DC PC TC) ( Table 2) ; phosphorus and magnesium appeared to be inversely related (Figure 1a) . The increase in urinary cAMP was borderline ( Table 2 ), indicating that renal ammoniagenesis, ammonium formation via ammonia trapping or free diffusion of ammonium [21, 22] was enhanced. Thus, when the above-mentioned acidbase-related urinary substances are assessed, a need for colectomized rats to compensate renally for metabolic overproduction of protons is identified. It is worth noting that metabolic acidosis would have gone undetected if the urinary pH only had been measured (for titratable acid and net acid, see the Discussion section). With regard to the changes shown in Table 2 , it again appears that DC rats do not differ substantially from Sham animals, but they do differ from TC rats. In contrast, rats with loss of the proximal (PC) or the total (TC) colon share a number of parameters that differ distinctly from those in Sham rats. Thus the influence of the distal colon may be less pronounced.
Markers of bone metabolism, physical data for bone and bone minerals
In PC and TC rats the serum 1,25-dihydroxyvitamin D level was markedly elevated (Table 3) , and in all groups the mean serum level of this metabolite appeared to be inversely related to urinary magnesium (Figure 1b ; see also below). Although serum phosphorus was unaffected (Table 2) , the mean vitamin D production rate in colectomized compared with Sham rats was high, and with a statistically significant increase in TC animals ( Table 3) . In this group, high serum vitamin D levelscapable of stimulating bone resorption [23] -were associated with high urinary excretion of pyridinium and deoxypyridinium (Table 3) , other accepted markers of bone resorption. In colectomized rats as a whole, serum bone alkaline phosphatase and serum parathyroid hormone (the former a documented and the latter a putative [24] agonist of bone formation) were unchanged, as was the bone turnover indicator serum osteocalcin (Table 3) .
The somewhat smaller decrease in bone volume compared with bone wet weight in PC and TC rats resulted in diminished bone mean specific density (Table 3) ; however, the associated mean bone fracturing energy was lowered only insignificantly. Bone ash weight was diminished in TC rats (Sham DC PC TC), while there were only insignificant changes in bone %&Ca specific radioactivity and the fraction (%) of bone calcium exchangable with blood (Table 3 ). The two latter findings rule out the possibility that intra-bone calcium redistribution or bone-density-reducing higher bone calcium efflux could have been responsible for the marginally more fragile bone observed after colectomy. Figure 2 shows unchanged bone calcium even after TC, but bone phosphorus and magnesium were markedly diminished in DC, PC and TC rats (Figures 2a and 2b) . Also in these rats the bone calcium\phosphorus ratio, an indicator of the maturation of the bone mineral-building hydroxyapatite crystals [25] , was increased. To ascertain that the high bone calcium\phosphorus ratio was related to low bone magnesium rather than to unspecific variations in bone water [26] , the magnesium concentration in femur ash was plotted against the calcium\ phosphorus ratio (Figure 2c) ; the negative significant correlation (theoretical y-intersect approx. 2.1) was in agreement with the significant correlation of bonevolume-factorized magnesium and bone calcium\ phosphorus (see Table 4 ). Also, in anatomically intact adolescent Sham and most DC rats the calcium\ phosphorus ratio was 1.67 (Figure 2c ), indicating normal accretion of bone [25, 27] ; in contrast, the majority of TC and PC rats are located above the regression line. Similar observations on bone magnesium and calcium\phosphorus have been made in dietary magnesium-deficient rats [26, 28] .
Collectively, when taking into account the bone parameters in Table 3 , it would appear that DC rats, in contrast with PC rats, differed only occasionally from Sham animals, but showed marked differences compared with TC rats. In other words, the post-operative risk of magnesium deficiency and impairment of bone health is greater after the PC and TC procedures than after the DC procedure.
Interrelationships of variables
The bone ash calcium\phosphorus ratio was correlated significantly and negatively with bone phosphorus and bone magnesium, with a weaker correlation with bone calcium (Table 4 ). This apparent contradiction can be explained by the somewhat lower bone calcium on the one hand and the distinctly decreased bone phosphorus on the other (Figure 2a ), a combination resulting in an elevated calcium\phosphorus ratio. Urinary phosphorus and the bone ash calcium\phosphorus ratio were also correlated significantly (Table 4) . When adjusted for confounders, the multivariate model (including bone calcium, bone phosphorus and urinary phosphorus) was able to predict 97 % of the variation in the bone calcium\phosphorus ratio.
Phosphorus loss via the urine, which co-determines the availability of phosphorus in the bone (see above), was correlated positively and significantly with the bone Table 4 Correlation coefficients of bi-and multi-variate stepwise logistic regression analysis
The bone calcium/bone phosphorus ratio or the urinary phosphorus/urinary creatinine ratio was taken as the dependent variable, and a series of influential variables was assessed (n l 36 paired observations). P values are given in parentheses. Tables 2 and 3 and Figure 1 . †Partial correlation coefficient.
Table 5 Bone histomorphometry
The data are static parameters from the proximal tibia, and are means (S.E.M.) for n l 5 in each group. calcium\phosphorus ratio, insignificantly with serum 1,25-dihydroxyvitamin D and negatively with bone minerals, serum parathyroid hormone and urinary magnesium (Table 4) . Upon elimination of confounders, urinary magnesium remained as a strong negative predictor and serum parathyroid hormone as a moderate negative predictor, while urinary calcium (which showed only an insignificant correlation in the bivariate regression analysis) emerged as a significant positive predictor in this model. These three variables account for less than 40 % of the variation in the urinary phosphorus\creatinine ratio ; this is not surprising, considering the multitude of factors involved in the regulation of urinary phosphorus [29] .
Bone histomorphometry
The changes in the static parameters of the tibia (Table 5) were modest, when contrasted with the changes in chemically analysed bone minerals, urinary cross-links and serum 1,25-dihydroxyvitamin D. In groups DC and TC, but not PC, there were insignificant decreases in bone area, bone perimeter and trabecular number, which, together with the insignificant increase in trabecular separation, signal a generalized bone thinning ; such a tendency was not observed in the PC group. In all three groups, signs of high bone turnover were absent (osteoid, number of osteoclasts, bone formation and mineral apposition rate were all unchanged ; results not shown). Similar data were obtained from the more cancellous first lumbar vertebra (results not shown).
DISCUSSION
General characteristics of the rat model
Colectomy in the rat may cause a spectrum of deviations from the normal situation, depending on the anatomical site and extent of the resection. The term ' colonic short bowel syndrome ' may be coined, in analogy with that already in use for the small intestine. Apparently, PC and TC rats suffer more from this syndrome, DC rats much less. However, care must be taken when extrapolating reported results to humans. After all the weight of the large intestine in the rat is approx 1.6 % of total body weight, compared with only 0.4 % in humans [30] , suggesting that the difference in gross anatomy is paralleled by differences in micro-anatomy and in function.
Colectomy, hyperphagia, high fluid intake and intestinal bicarbonate
Hyperphagia was developed mainly in PC and TC rats ; as in colectomized humans, it may be consistent with post-surgical malabsorption of energy [31] . Since the weight gain of these rats was delayed, the total absorption of energy did not appear to have been normalized by hyperphagia. While the higher water intake (PC and TC rats) did not result in a lower haematocrit or an increased urine volume, the 4-fold increase in faeces weight points towards a crucial role for the impairment of intestinal fluid absorption. Under normal conditions the absorption of water from the colon is driven osmotically by active ion (mainly sodium) transport, with low sodium transport being accompanied by low water flux [5] . Inhibition of water absorption results in a decrease in the so-called solvent drag effect, leading to, among other ion transport abnormalities, a decline in magnesium absorption (Table 2 ; [32] ) (for discussion of calcium and phosphorus absorption, see below). Less clear is the effect on bicarbonate handling by the colon, and on overall acid-base homoeostasis, after colon resection. There exists a chloride-bicarbonate exchange, with the latter ion being secreted into the lumen [5] , thereby co-determining luminal pH [31, 33] . It is also felt that the intestinal secretion of bicarbonate stems from the postprandial alkaline tide [34] , and that the former helps keep blood bicarbonate levels within normal limits [35] . Defective small-intestinal sodium absorption and chloride secretion has been demonstrated in rats with colectomy and ileo-anal anastomosis [36] ; it is therefore reasonable to assume that in our work, considering colectomies of varying extent, there was a roughly parallel degree of faecal loss of intestinally secreted bicarbonate, resulting in metabolic acidosis. Faecal bicarbonate (the investigation of which was beyond the scope of present work), including the role of the colon as a digestive and ion transport organ, has been discussed in review articles (see [5, 31, 32] ).
Colectomy and acid-base regulation
We provide evidence that colectomy-induced metabolic acidosis was indeed present. Although in the absence of overt changes in blood gases its degree was presumably only moderate, acidosis is manifested as changes in parameters other than blood pH and bicarbonate. Firstly, eubicarbonataemia may have been established at the expense of greater variability of blood partial pressure of CO # [35] (Table 1) . Secondly, low serum parathyroid hormone, high serum 1,25-dihydroxyvitamin D and high urinary phosphorus were found in chronic metabolic acidosis [18, 19, [37] [38] [39] . Thirdly, high urinary ammonium, low urinary citrate and low urinary CO # (indicating urinary bicarbonate) are increasingly being accepted as part of the body's defence against acidosis ofor more details on this and the metabolic pathways involved, see [22] (renal tissue ammonia\ammonium), [21] (renal citrate transport\utilization) and [40] (urinary phosphate\bicarbonate\CO # )q. Fourthly, virtually unchanged bone calcium, but decreased bone phosphorus, as found in the present work (Figure 1 ), have been described as a sequel of metabolic acidosis, which preferentially releases the latter mineral together with alkali from bone [25, 27] . These factors together may, or may not, lead to high urinary net acid excretion, i.e. metabolic acidosis can be masked. In fact, had urinary net acid been calculated via the Henderson-Hasselbalch buffer equation (using pK " l 6.13 for proton dissociation from free carbonic acid, total urinary CO # , the resulting bicarbonate, together with ammonium and titratable acid), unchanged net acid excretion would have been obtained, with the exception of the TC group. Protonated phosphate is the major component of titratable acid. At urinary pH 7.40, due to effective proton buffering by ammonium formation and citrate degradation, phosphate is already deprotonated, and titratable acid is zero or negative.
Colectomy, vitamin D, intestinal mineral absorption and extra-osseous mineral status
Although urinary phosphorus loss, high serum levels of 1,25-dihydroxyvitamin D, an increase in the production rate of the latter and low serum parathyroid hormone levels (Tables 2 and 3 ) are signs of chronic metabolic acidosis [37] , agonistic effects of this vitamin D metabolite, especially on colonic mineral absorption, have been both disputed [41] and confirmed [7] . Our findings of the co-existence of unchanged intestinal calcium secretion, true calcium absorption and fractional calcium and phosphorus absorption, but decreased fractional intestinal magnesium absorption (Table 2) , do not support the view that, under the prevailing conditions, the high serum 1,25-dihydroxyvitamin D level is able to stimulate the absorption of these three minerals. Rat intestinal calcium absorption has been found to be highest in the caecum [42] , a segment resected in our PC rats. Thus the hypothetical lack of calcium absorption from this segment might have been outweighed by a compensatory increase in vitamin D-metabolite-mediated calcium absorption in the small intestine and the remaining large intestine, with overall calcium absorption remaining unchanged.
The failure of high serum vitamin D metabolite levels to normalize intestinal magnesium absorption renders questionable whether this process is sensitive to vitamin D. Low urinary magnesium is an early sign of dietary magnesium deficiency [43, 44] . Because low urinary magnesium was present in all colectomy groups, and was inversely related to urinary phosphorus ( Figure 1a ) and serum 1,25-dihydroxyvitamin D (Figure 1b) , these findings confirm that, after colectomy, the magnesium status is low. In fact, a more generalized magnesium deficiency, perhaps including low magnesium in tissues other than bone, and in cells, is followed by hyperphosphaturia [45] and disturbed function of other organs [46] . In the presence of intracellular magnesium depletion, serum 1,25-dihydroxyvitamin D should be low [47] , not high (Table 3) . However, the vitamin Dmetabolite-lowering effect of magnesium depletion may have been overwhelmed by greater sensitivity of renal adenylate cyclase to stimulatory hormones, such as parathyroid hormone (higher urinary cAMP ; Table 2 ), thereby contributing to high urinary phosphorus ( Figure  1a ) and subsequently to low tissue phosphorus, as was the case in bone (Figure 2a ).
Bone minerals and morphology
Alterations in bone mineral and non-mineralized tissue are seen in states of magnesium [26, 28, 48] and phosphorus [49] deficiency, and in chronic metabolic acidosis (see [25] ). The spectrum of decreased intestinal magnesium absorption, urinary phosphorus loss, lowered bone magnesium and phosphorus and increased urinary cross-links (representing bone type I collagen-specific degradation products) allows us to postulate the coexistence of magnesium and phosphorus deficiency, and bone pathology, in the normally fed colectomized rat. Low magnesium together with acidosis, which are both able to inhibit osteoblasts and stimulate osteoclasts [50] , may aggravate the impairment of bone. At a calcium\ phosphorus ratio of 1.67, bone becomes more brittle, as reflected by a stable number of hydroxyapatite crystals, increased crystallite size and more perfect individual crystals [28] . The associated state of bone turnover is uncertain because, despite elevated urinary cross-links, serum osteocalcin and bone alkaline phosphatase (Table  3 ) and bone histomorphometry (Table 5) were only insignificantly changed.
Outlook
Intestinal magnesium and urinary phosphorus losses, combined with metabolic acidosis, would be likely to result in considerable morbidity in humans, especially the elderly [51] . In this group, appropriate prevention measures may be instituted, including elective colon surgery and supplementation of the diet with magnesium and alkali. If such measures are not feasible, postoperative and long-term follow-up should be initiated and should include monitoring of the state of bone minerals and metabolism. Since brittle bone, occurring in osteoporotic bones in general [52] , is accompanied by normal bone calcium, it cannot be detected by routine procedures measuring bone density. Careful evaluation of the body's magnesium status would therefore appear to be worth considering.
